Introduction
Activation of the innate immune system by metabolic stress is a prominent mediator of β cell failure during type 2 diabetes (T2D) (1, 2) . The detrimental effects of inflammation are predominantly mediated by the proinflammatory cytokine IL-1β. Inhibition of IL-1 signaling by the endogenous IL-1 receptor antagonist (IL-1Ra) prevents β cell cytotoxicity induced by chronic metabolic stress, restoring secretory function in pancreatic islets (3, 4) . Conversely, prolonged exposure to IL-1β, which is elevated in islets of T2D patients (4, 5) , promotes β cell dysfunction (4, 6) .
Despite the detrimental effects of IL-1β exposure on β cells in vitro, circulating levels of IL-1β alone were not associated with increased T2D risk in a large, multicenter cohort (7) . Sustained inhibition of IL-1 signaling, induced by a genetic upregulation of IL-1Ra, was also found to have no effect on diabetes risk (8) . Therapeutic interventions aimed at reducing IL-1 signaling in patients with T2D or metabolic syndrome have produced conflicting results (9-15), with some studies demonstrating an inability of these therapies to significantly improve glycemic control, despite effectively reducing systemic inflammation (9) (10) (11) . Furthermore, inhibition of IL-1 signaling, induced through genetic KO of the gene encoding the IL-1 receptor type I (IL-1R1) (16) or IL-1β (17) , induces glucose intolerance in mice. These findings suggest that the actions of IL-1β on glycemic control may be pleiotropic in nature, with IL-1 signaling exerting both positive and negative effects in vivo.
Beneficial effects of IL-1β on β cell function and glycemic control have been reported. Acute infusion of IL-1β induces hypoglycemia (18) (19) (20) and increases plasma insulin concentrations (20) (21) (22) . While the underlying mechanism of action is unknown, the rapid nature of the exposure indicates that the stimulatory effect of IL-1β is not due to proliferative actions (17) . In support of this, IL-1β acts directly on β cells to potentiate glucose-stimulated insulin secretion from perfused pancreata (23, 24) , isolated islets (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , and purified β cells (38) . Although several potential mechanisms of IL-1β-potentiated insulin secretion have been proposed (37) (38) (39) , the role of both intracellular Ca 2+ ([Ca 2+ ] i ) and the amplification pathway in this process remain unclear.
Inflammation is induced rapidly upon exposure to metabolic stress (40) , with several reports observing postprandial elevations in inflammatory markers (41) (42) (43) (44) . Acute hyperglycemia has been shown to increase IL-1β is a well-established inducer of both insulin resistance and impaired pancreatic islet function. Despite this, findings examining IL-1 receptor deficiency or antagonism in in vivo animal models, as well as in clinical studies of type 2 diabetic (T2D) patients, have led to conflicting results, suggesting that the actions of IL-1β on glycemic control may be pleiotropic in nature. In the present work, we find that the ability of IL-1β to amplify glucose-stimulated insulin secretion from human islets correlates with donor BMI. Islets from obese donors are sensitized to the insulinotropic effects of this cytokine, whereas the stimulatory effects of IL-1β are lost in islets from obese T2D patients, suggesting a role for IL-1 signaling in islet compensation. Indeed, mice deficient in IL-1 receptor type I become glucose intolerant more rapidly than their WT littermates and have impaired secretory responses during the acute stages of inflammatory and metabolic stress induced by LPS and high-fat diet, respectively. IL-1β directly enhances β cell insulin secretion by increasing granule docking and soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) complex formation at the plasma membrane. Together, our study highlights the importance of IL-1β signaling in islet compensation to metabolic and inflammatory stress.
IL-1β transcript expression in peripheral leukocytes (42) . Metabolic stress also induces upregulation of IL-1β, with an elevation of the IL-1β target gene, inducible nitric oxide synthase, observed as early as 3 days in white adipose tissue from high fat diet-fed (HFD-fed) mice (40) . Furthermore, both high glucose and free fatty acid concentrations induce intraislet production of IL-1β within 4 days of exposure (4, 45) . That mechanisms have evolved to increase IL-1β expression early in response to metabolic stress suggests an important compensatory role of this cytokine in the acute stages of overnutrition.
This study examined the role of IL-1 signaling in the acute response to metabolic stress and inflammation, as well as the mechanisms underlying IL-1β-mediated potentiation of insulin secretion. IL-1β was shown to potentiate insulin secretion from pancreatic β cells by increasing exocytosis subsequent to enhanced insulin granule docking at the plasma membrane. While the stimulatory efficacy of IL-1β was found to positively correlate with BMI in nondiabetic human islets, IL-1β was unable to potentiate glucosestimulated insulin secretion in islets from obese T2D donors. Genetic KO of the gene encoding the IL-1R1, Il1r1, exacerbated glucose intolerance in mice following a short-term exposure to HFD and reduced glucose sensitivity induced by acute LPS injection. The impairment in glucose tolerance observed in both HFD- human donors (n = 9, 8, 9, 8; 3 donors) treated for 1 hour with vehicle or IL-1β (10 ng/ml) and stimulated with either 1.0 or 16.7 mmol/l glucose. n values correspond to data points from left to right, respectively. Data are mean ±SEM and were compared with (A, B, G, and H) 2-way ANOVA followed by Tukey post-test, (C-E) Pearson correlation coefficients, or (F) 1-way ANOVA followed by Tukey post-test. *P < 0.05, **P < 0.01, ***P < 0.001, as indicated. G, glucose.
and LPS-treated mice was associated with the reduced ability of glucose to stimulate insulin secretion in vivo, demonstrating a beneficial role of IL-1 signaling in acute islet compensation to metabolic stress.
Results
The stimulatory capacity of IL-1β is positively correlated with BMI of nondiabetic donors but is absent in T2D islets. Consistent with previous reports (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , acute exposure to IL-1β (10 ng/ml) enhanced glucose-stimulated insulin secretion from mouse ( Figure 1A ) and human ( Figure 1B) islets. IL-1β had no effect on islet insulin content and did not affect secretion at low glucose (data not shown). IL-1 signaling was not required for optimal secretory function under normal conditions, as no significant differences in β cell Ca 2+ currents, [Ca 2+ ] i handling, granule trafficking, exocytosis, or glucose-stimulated insulin secretion were observed in mice deficient in Il1r1 ( Supplemental Figures 1 and 2 ; supplemental material available online with this article; doi:10.1172/jci.insight.86055DS1).
Substantial variability in the ability of IL-1β to potentiate glucose-stimulated insulin secretion between individual human islet preparations was observed (Supplemental Table 1 ), prompting the examination of associations between the insulinotropic capacity of IL-1β and several anthropometric and metabolic variables. The potentiation index of IL-1β, defined as the ratio of insulin secretion induced by high glucose in the presence of IL-1β to insulin secretion induced by high glucose alone, positively correlated to BMI in nondiabetic islets (r = 0.63; Figure 1C ). The ability of IL-1β to potentiate glucose-stimulated insulin secretion was not associated with the stimulation index of glucose (r = -0.42; Figure 1D ), glycated hemoglobin (HbA 1c ; r = -0.17; Figure 1E ), or age (r = 0.25; data not shown). The stimulatory capacity of IL-1β was also assessed in islets from T2D donors. A significant difference in the potentiation index of IL-1β between obese nondiabetic and obese T2D donors was observed ( Figure 1F ). While mean BMI was higher in the T2D donors than the nondiabetic donors (Supplemental Table 2 ), BMI was no longer correlated with the potentiation index of IL-1β when diabetic donors were included in the analysis (P = 0.73, r = 0.09; data not . n values correspond to data points from left to right, respectively. Data are mean ±SEM and were compared with (A) 2-way or (B) 1-way ANOVA followed by (A and B) Tukey post-test. *P < 0.05, **P < 0.01, as indicated.
shown). Contrary to the significant insulinotropic effect of IL-1β observed in nondiabetic islets (Figure 1 , B and G), IL-1β did not potentiate glucose-stimulated insulin secretion from obese, T2D donors ( Figure 1H) .
The stimulatory effect of IL-1β is downstream of [Ca 2+ ] i . One of several proposed mechanisms underlying the IL-1β-mediated potentiation of insulin secretion is an IL-1β-induced rise in [Ca 2+ ] i (32, 38, 39) . While it is known that the insulinotropic effect of IL-1β requires Ca 2+ flux into the β cell (31, 34) , whether the stimulatory effects of IL-1β are due to an increase in [Ca 2+ ] i is still debated (29, 30, 32, 34, 38) . To provide further insight into the mechanism of IL-1β-stimulated insulin release, Ca 2+ currents and [Ca 2+ ] i were measured following treatment with IL-1β. Acute treatment of isolated mouse β cells with IL-1β (10 ng/ml; described in Methods) did not affect Ca 2+ currents under low or high glucose conditions ( Figure 2A ) and did not augment the [Ca 2+ ] i response in intact mouse islets ( Figure 2B ). Rather, a 4-hour pretreatment of mouse islets with IL-1β (10 ng/ml; 4h + IL-1β) caused a slight yet significant impairment in glucose-stimulated [Ca . n values correspond to data points from left to right, respectively. Data are mean ±SEM and were compared with 2-way ANOVA followed by Tukey post-test. *P < 0.05, **P < 0.01, and ***P < 0.001, as indicated. G, glucose.
alters cytoskeletal organization in rat β cells (38) suggests that IL-1β-induced effects on actin remodeling may underlie its stimulatory effects. Treatment with IL-1β (10 ng/ml) induced F-actin depolymerization in human ( Figure 3A ) and mouse ( Figure 3B ) β cells. This process was independent of glucose stimulation, as experiments were performed in nonstimulatory glucose concentrations (2.8 mmol/l). Indeed, while IL-1β enhances insulin secretion only in the presence of stimulatory glucose, cytoskeletal remodeling induced by IL-1β has been observed in both low-and high-glucose conditions in rat β cells (38) .
To determine if the potentiation of glucose-stimulated insulin secretion by IL-1β extends beyond its ability to depolymerize F-actin, mouse and human islets were preincubated with IL-1β (10 ng/ml; 4 and 1 hours, respectively) and treated with the potent F-actin depolymerizing agent, latrunculin B (10 μmol/l; ref. 47) . IL-1β enhanced latrunculin B-potentiated glucose-stimulated insulin secretion from mouse (Figure 3C ) and human ( Figure 3D ) islets, indicating that IL-1β is capable of enhancing glucose-stimulated insulin secretion through an F-actin-independent mechanism. While a modest yet significant reduction in insulin content was observed in mouse islets treated with IL-1β and latrunculin B ( Figure 3C ), similar effects on insulin release were observed when secretion was normalized per islet rather than to insulin content (data not shown). . n values correspond to data points from left to right, respectively. Data are mean ±SEM and were compared with (A) 2-way ANOVA followed by Tukey post-test, (B) repeated-measures ANOVA followed by Sidak post-test, or (C) a 2-tailed Student's t test. *P < 0.05, ***P < 0.001 versus vehicle-treated control. HG, high glucose.
Acute treatment with IL-1β increases the number of docked insulin granules.
A lack of effect of IL-1β on [Ca 2+ ] i response suggests a role for IL-1β in regulating downstream events in insulin secretion. Ca 2+ triggers insulin release from the pancreatic β cell through a regulated secretory pathway that depends on the recruitment, docking, and fusion of insulin granules to the plasma membrane. This process is facilitated by the formation of soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) protein complexes, which are known mediators of regulated β cell exocytosis (49) . Distance measurements between dense core granules and plasma membranes in electron micrographs of β cells were used to assess insulin granule trafficking. Granules whose centers are located within 200 nm of the plasma membrane were considered docked (50-52). A 30-minute exposure to IL-1β (10 ng/ml) increased the number of granules less than 100 nm and within 100-200 nm of the plasma membrane in mouse β cells, where the numbers of granules Figure 5 . Impaired glucose tolerance and insulin secretory response in Il1r1-KO mice fed a short-term high fat diet. WT (+/+) and Il1r1-KO (-/-) mice were fed a high fat diet (HFD) for 2 (2d), 9 (9d), or 30 (30d) days. (A) Blood glucose measurements following i.p. injection of glucose, subsequent to a 3-hour fast, from WT and KO mice (n = 9, 7; n = 7, 8; n = 5, 4 mice). (B) Area under the curve (AUC) for glucose tolerance tests in A indicated by squares (n = 9, 7; n = 7, 8; n = 5, 4 mice), and fasting blood glucose concentrations in WT and KO mice following a 3-hour fast, indicated by circles (n = 9, 7; n = 7, 8; n = 5, 4 mice). (C) Fold increase in plasma insulin concentrations following i.p. injection of glucose, subsequent to a 3-hour fast, in WT and KO mice (n = 9, 6; n = 5, 5; n = 6, 4 mice). (D) AUC for plasma insulin in C indicated by squares (n = 8, 6, n = 5, 5; n = 6, 4 mice), and fasting plasma insulin concentrations in WT and KO mice following a 3-hour fast, indicated by circles (n = 9, 6, n = 5, 5; n = 6, 4 mice). n values correspond to data points from left to right and to 2-, 9-, and 30-day graphs, respectively. Data are mean ±SEM and were compared with (B and D) a 2-tailed Student's t-test or (A and C) repeated-measures ANOVA followed by (A) Sidak post-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT controls or as indicated.
within 200-300 nm of the plasma membrane remained unchanged ( Figure 4A ). Consistent with increased granule docking, acute treatment with IL-1β (10 ng/ml) also increased depolarization-induced exocytosis from dispersed mouse β cells ( Figure 4B ) and enhanced synaptosomal-associated protein 25 (SNAP25)/ syntaxin-1 SNARE complex formation in INS 832/13 cells ( Figure 4C ).
Il1r1 deficiency impairs glycemic control and reduces in vivo insulin secretory response under conditions of acute inflammatory and short-term metabolic stress. β cell compensation in response to metabolic stress is required for the maintenance of normoglycemia (1, 53) . In rodents, β cell compensation upon overnutrition occurs rapidly, with adaptations reported as early as 3 days after HFD (54) . Given that this acute adaptation occurs concomitantly with both increases in systemic (40) and intraislet inflammation (45) , the role of IL-1R1 signaling in acute islet compensation to metabolic stress was examined. Mice deficient in Il1r1 (Supplemental Figure 1A) were fed a HFD for 2, 9, or 30 days. Il1r1-KO mice had impaired plasma glucose tolerance following i.p. injection of glucose after 2 days of HFD ( Figure 5, A and B, left) . Mild glucose intolerance was also observed in KO mice at 9 ( Figure 5, A n values correspond to data points from left to right, respectively. Data are mean ±SEM and were compared with (A, C, and D) repeated-measures ANOVA followed by Tukey post-test or (B) a 2-tailed Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT controls.
and D, middle) days after HFD was associated with a reduction in the plasma insulin response to glucose, suggestive of impaired β cell function. Consistent with the acute insulinotropic effect of IL-1β, impaired insulin secretory responses were no longer apparent in Il1r1-deficient mice after 30 days of HFD ( Figure  5C ). No differences in fasting blood glucose ( Figure 5B ), fasting plasma insulin (Figure 5D ), or weight (data not shown) at 2, 9, or 30 days were observed in these 10-to 14-week-old mice.
A positive role for IL-1 signaling in acute compensation to inflammatory stress was confirmed in mice injected with the proinflammatory endotoxin LPS. Consistent with previous reports (18), LPS injection (2 mg/kg) enhanced glucose tolerance in control mice ( Figure 6A ) by increasing insulin secretion ( Figure 6C ). The increase in glucose tolerance following LPS injection was reduced in mice lacking Il1r1 (Figure 6, A  and B) . This was not attributable to changes in insulin tolerance ( Figure 6D ), but rather to enhanced β cell secretory function, as the insulin secretory response induced by LPS was absent in Il1r1-deficient mice (Figure 6B) . Despite a blunted LPS-enhanced secretory response, normal glucose tolerance was not restored in Il1r1-deficient mice ( Figure 6A ), indicating the presence of IL-1R1-and β cell-independent effects of acute inflammation on glucose tolerance. Consistent with this, elevated fasting blood glucose levels in LPStreated Il1r1-KO mice were not associated with decreases in fasting plasma insulin (data not shown). No differences in body weight in these mice were observed (data not shown).
Consistent with previous reports (16), Il1r1-KO mice were characterized by mature-onset obesity. At 9 months of age, both Il1r1-heterozygous (36.4 ± 0.73 g; n = 5 mice; P < 0.01) and KO mice (35.8 ± 1.23 g; n = 5 mice; P < 0.05) had increased body mass compared with their littermate controls (32.0 ± 1.53 g; n = 4 mice). Previous reports have observed a mild impairment in glucose tolerance in Il1r1-deficient mice (16) . In the present study, no significant differences in glucose or insulin tolerance were observed in unstimulated Il1r1-KO mice compared with littermate controls (Supplemental Figure 3) . These inconsistencies are likely due to differences in experimental protocols, where previous glucose measurements were obtained from nonfasted mice following i.v. injection of glucose (16) . In the present study, glucose measurements were obtained from fasted mice following an i.p. injection of glucose. The experimental protocol in the previous study resulted in a much larger peak in blood glucose (~35 mmol/l glucose; ref. 16 ) compared with the peak obtained with the present protocol (~25 mmol/l; Supplemental Figure 3 ). Consistent with a role of IL-1 signaling in acute islet compensation to metabolic stress, glucose intolerance was observed in Il1r1-deficient mice following an elevated bolus glucose peak (16) but was absent in Il1r1-deficient mice following a more moderate glucose load.
Discussion
Immunomodulation of metabolism is regarded as an unfavorable consequence of overnutrition that results in metabolic dysfunction (1, 2, 55) . Inflammation, however, is primarily an acute repair mechanism functioning to preserve homeostasis in response to external stress (56) . The acute roles of inflammation on metabolic function, particularly in the context of metabolic stress, remain relatively unknown. The aim of this study was to explore roles of the proinflammatory cytokine IL-1β and its receptor, IL-1R1, on β cell function and glucose homeostasis. Here, we provide new insights into the mechanism regulating IL-1β-mediated potentiation of insulin secretion and identify IL-1 signaling as a positive regulator of glycemic control in the acute stages of inflammatory and metabolic stress.
β cells undergo both structural and functional changes to compensate for the increased insulin demand that is characteristic of obesity (53) . Several mechanisms are known to mediate β cell adaptation, ranging from increased β cell proliferation (54) and mass (57) to enhanced β cell secretory function (58) and sensitivity to insulinotropic stimuli (59) . Here, we find that the magnitude of IL-1β potentiation of glucosestimulated insulin secretion is positively correlated with human donor BMI, where islets from lean human donors have minimal responses to IL-1β. Conversely, IL-1β potentiates glucose-stimulated insulin secretion by almost 2-fold in islets from obese donors, indicating an obesity-associated sensitization of islets to the stimulatory effects of IL-1β. IL-1β levels are elevated in obese patients (60, 61) ; are increased following acute, postprandial hyperglycemia (42) ; and are upregulated in islets following a 4-day exposure to high glucose or free fatty acids (4, 45) . A sensitization to the insulinotropic effects of this cytokine may represent a compensatory mechanism to metabolic stress. Indeed, in our hands, while IL-1 signaling was not required for optimal glucose homeostasis under physiological conditions, this emerged as a regulator of glucose tolerance following exposure to acute metabolic stress. This is consistent with findings demonstrating the sensitization of islets from obese Zucker fatty rats to the insulinotropic effect of palmitate and glucagon-insight.jci.org doi:10.1172/jci.insight.86055 like peptide-1 (59) -a phenomenon that is absent in Zucker lean control rats and that promotes the hyperinsulinemia required to compensate for the insulin-resistance characteristic of these animals.
A critical step in the progression to overt diabetes is the maladaptation of β cells to metabolic stress. When β cell compensation for insulin resistance ceases, hyperglycemia develops and T2D prevails (1, 53) . Here, we find the stimulatory potential of IL-1β was lost in islets from obese T2D donors, indicative of impaired or failed β cell adaptation in these patients. Where β cells from obese individuals with normal glucose tolerance had a heightened sensitivity to the insulinotropic effects of IL-1β, β cells from obese T2D donors were unresponsive.
A causal association between IL-1 signaling and islet compensation to acute inflammatory and metabolic stress was identified in the present study. Transcript expression of several inflammatory markers, including Il1b and its downstream targets, are upregulated as early as 3 days in HFD-fed mice (40) . That the upregulation of IL-1β contributes to acute islet compensation is supported by observations that Il1r1-deficient mice become glucose intolerant more rapidly following short-term HFD feeding compared with littermate controls. The glucose intolerance observed in these animals was attributed to β cell dysfunction, as evidenced by an impaired insulin secretory response in Il1r1-deficient mice. The role of IL-1 signaling in islet compensation was acute in nature, as the impairment in the in vivo insulin secretory response was no longer observed 30 days after HFD. While we cannot exclude an indirect role for IL-1 signaling in the compensatory response due to the use of whole-body Il1r1-KO mice, a direct action of IL-1β on insulin secretion is supported by the in vitro studies. The role of inflammatory responses in mediating β cell compensation was further confirmed in an acute model of inflammation. The robust increase in plasma insulin following glucose injection characteristic of LPS administration was absent in mice deficient in Il1r1, consistent with the acute insulinotropic effects of IL-1β observed in vitro and with reported correlations between IL-1β concentrations and insulin secretion in vivo (62) .
While the ability of IL-1β to directly enhance glucose-stimulated insulin secretion from pancreatic islets was reported almost 3 decades ago (25) , the mechanisms underlying this phenomenon remain unclear (37) (38) (39) . Elevated concentrations of IL-1β are known to rapidly enhance insulin secretion induced by glucose (25, 39) , sulfonylureas (34), or potassium chloride (38) in a stimulus-dependent manner (25) without affecting insulin content (38) . While the insulinotropic effects of IL-1β require extracellular Ca 2+ (31), IL-1β did not increase [Ca 2+ ] i or Ca 2+ currents, confirming that the site of IL-1β action is downstream of Ca 2+ entry (29, 30, 34) . These findings indicate that the insulinotropic effects of IL-1β are independent of its previously reported effects on proliferation (17) and glucose metabolism (31) and are not due to unregulated β cell lysis.
A modest depolymerization of cortical F-actin following exposure to IL-1β in both mouse and human β cells was observed, suggesting that IL-1β potentiates stimulus-induced insulin secretion in part by inducing the depolymerization of F-actin. IL-1β, however, also enhanced glucose-stimulated insulin secretion in the presence of complete F-actin depolymerization, demonstrating the ability of IL-1β to potentiate insulin secretion through an F-actin depolymerization-independent pathway. Time differences in responses to IL-1β-induced potentiation of cortical F-actin depolymerization between human and mouse islets were observed. While these differences may be due to the use of recombinant human -rather than murine -IL-1β, the idea that mechanistic differences may also underlie these differences in cortical F-actin depolymerization is evidenced by findings that recombinant human IL-1β induces effects on granule trafficking and exocytosis within 30 minutes in mouse β cells. Acute treatment with IL-1β was found to enhance granule density within 200 nm of the plasma membrane and increase SNARE complex formation in vitro. Consistent with IL-1β-induced stimulation of granular protein exocytosis from human neutrophils (63), these morphological and molecular observations of granule docking resulted in functional effects, where IL-1β was found to acutely enhance pancreatic β cell exocytosis.
Recently, the IL-1β-induced remodeling of focal adhesions (FA) was associated with the insulinotropic actions of IL-1β (38) . FA proteins function to integrate the extracellular matrix with cytoskeletal proteins and are known regulators of β cell actin remodeling and insulin secretion (38, 52, 64) . In addition to their roles in cytoskeletal rearrangement, FA proteins have been implicated as regulators of SNARE complex formation with F-actin (64) . The effects of IL-1β on both actin and exocytotic complex formation are supportive of FA proteins as regulators of the insulinotropic effect of IL-1β. However, latrunculin B inhibits the glucose-induced activation of the FA proteins FA kinase and paxillin (64) . That IL-1β potentiates insulin secretion in the presence of latrunculin B suggests an FA-independent pathway of IL-1β potentiation. While the molecular mechanisms underlying the insulinotropic effect of IL-1β remain unclear, the present study demonstrates that the potentiation of glucose-stimulated insulin secretion by IL-1β is mediated by distal effects on the stimulus-secretion coupling pathway, resulting in increased insulin granule docking and exocytosis.
Thus, we propose that IL-1 signaling contributes to islet compensation to acute metabolic stress by enhancing insulin secretory function, where IL-1β acts directly on β cells to increase insulin secretion subsequent to increased granule trafficking and SNARE complex formation. A compensatory role for IL-1 signaling is further supported by findings that islets from obese donors are sensitized to the stimulatory effects of IL-1β, whereas the insulinotropic effects of IL-1β are absent in obese T2D islets. This study highlights a positive role of IL-1 signaling in glucose homeostasis by mediating an enhancement of glucose-stimulated insulin secretion early in response to metabolic stress in mice and in islets from obese, but nondiabetic, humans.
Methods
Supplemental Methods are available online with this article.
Cells and cell culture. Islets from male C57BL/6 or transgenic mice were isolated by collagenase digestion and cultured in RPMI 1640 containing 11.1 mmol/l glucose with 10% FBS and 100 U/ml of penicillin/streptomycin. Human islets were isolated from donor pancreata at the Alberta Diabetes Institute IsletCore (http://www.bcell.org/IsletCore.html) at the University of Alberta (Edmonton, Alberta, Canada) or the Clinical Islet Laboratory at the University of Alberta and were cultured in low-glucose (5.5 mmol/l) DMEM with L-glutamine, 110 mg/l sodium pyruvate, 10% FBS, and 100 units/ml penicillin/streptomycin. In total, islets from 22 human donors were examined in this study (age: 52.6 ± 2.8 years; BMI: 29 ± 1.4 kg/m 2 ; HbA 1c : 5.8 ± 0.16), of which 3 were considered diabetic as determined by patient clinical history (Supplemental Table 1 ). For single cell experiments, human or mouse islets were dispersed by shaking in cell dissociation buffer (Gibco, Thermo Scientific) and plated in 35-mm culture dishes. INS 832/13 cells (from C. Newgard, Duke University, Durham, North Carolina, USA) were cultured in RPMI 1640 containing 11.1 mmol/l glucose with 10% FBS, 10 mmol/l HEPES, 0.29 mg/ml L-glutamine, 1 mmol/l sodium pyruvate, 50 μl β-mercaptoethanol, and 100 U/ml of penicillin/streptomycin. Islets, INS 832/13 cells, or dispersed cells were cultured at 37°C and 5% CO 2 .
Insulin secretion assay. Measurements were performed at 37°C in Krebs-Ringer Bicarbonate (KRB) solution containing (in mmol/l): 115 NaCl, 5 KCl, 24 NaHCO 3 , 2.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 0.1% BSA (pH 7.4). Intact mouse or human islets were preincubated for 2 hours in either 2.8 or 1.0 mmol/l glucose-KRB, respectively. Islets were transferred to fresh KRB solution containing 2.8 or 1.0 mmol/l glucose for 1 hour, followed by incubation for 1 hour in 16.7 mmol/l glucose-KRB. Supernatant fractions were collected, and islets or cells were lysed in buffer containing 1.5% concentrated hydrochloric acid, 23.5% acetic acid, and 75% ethanol for assay of insulin content. Samples were stored at -20°C and assayed for insulin via insulin detection kits (Meso Scale Discovery). Unless otherwise indicated, intact mouse and human islets were treated with IL-1β (10 ng/ml; Sigma-Aldrich) for 4 hours or 1 hour, respectively, due to differences in responses observed between species (Figure 1, A and B) . Latrunculin B (10 μmol/l; Sigma-Aldrich) was added to high-glucose stimulation, as indicated ( Figure 3 , C and D); in human islet experiments, IL-1β was added 1 hour prior and in addition to latrunculin B treatment ( Figure 3D ).
[ Ca   2+ ] i measurements. Prior to recordings, intact mouse islets were pretreated for 4 hours with vehicle (0h, 0h + IL-1β) or IL-1β (4h + IL-1β). Islets were incubated for 45 minutes with 3 μmol/l Fura-2, AM (Invitrogen) and 0.06% pluronic acid (Invitrogen) in solution containing (in mmol/l): 130 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 NaHCO 3 , and 10 HEPES (pH 7.4) in the presence of vehicle (0h, 0h + IL-1β) or IL-1β (4h + IL-1β). Islets were imaged in 0.5 mmol/l glucose at 37°C with constant bath perfusion. Glucose was increased to 11 mmol/l, and IL-1β was added (0h + IL-1β, 4h + IL-1β). Imaging was performed with a Stallion Imaging System (Olympus) and acquired with Ratio Cam software (Metamorph; Molecular Devices). Excitation was at 340 and 380 nm, and emission was collected using 510 nm bandpass filter (Semrock). The glucose-stimulated [Ca 2+ ] i response (GSCa) was calculated as the fold increase in the Fura-2 ratio following 11 mmol/l glucose versus the ratio at 0.5 mmol/l glucose.
Electrophysiology. Dispersed mouse islets were plated in 35-mm culture dishes. Prior to electrophysiological recordings, cells were incubated in RPMI 1640 media with 2.8 mmol/l glucose for 1 hour. Solutions used for capacitance measurements are previously described (65) . Vehicle or human recombinant IL-1β (10 ng/ml) were added to the extracellular bath solution for the duration of the recordings. Cells were patched following a 15-to 60-minute treatment with vehicle or IL-1β. The standard whole cell technique with the sine+DC lockin function of an EPC10 amplifier and Patchmaster software (HEKA Electronics, Lambrecht/Pfalz) was used. Experiments were performed at 32°C-35°C. The Ca 2+ charge entry was calculated as the area under the curve of the Ca 2+ current upon a single 500 ms depolarization from -70 to 0 mV normalized to cell size.
Actin staining. Dispersed human or mouse islets were plated onto untreated coverslips. Human and mouse cells were preincubated with 1.0 or 2.8 mmol/l KRB for 2 hours prior to treatment, respectively. Dispersed cells were treated with vehicle or human recombinant IL-1β (10 ng/ml) in 1.0 or 2.8 mmol/l glucose-KRB, as indicated. To prevent any adverse effects of prolonged incubation at low glucose, 4-hour treatments of mouse cells were initiated 2 hours prior to, and maintained throughout, preincubation. Immediately following treatments, cells were fixed in 10% Shandon Zinc Formal-Fixx (Thermo Scientific). Cells were stained for insulin with rabbit anti-insulin primary antibody (sc-9168, 1:200; Santa Cruz Biotechnology Inc.), followed by an anti-rabbit Alexa Fluor 594 (A11037, 1:200; Molecular Probes) and stained for F-actin with Alexa Fluor 488-conjugated phalloidin (A12379; Molecular Probes). Coverslips were mounted using ProLong Gold Antifade Reagent (Molecular Probes). Visualization was on a Perkin Elmer UltraView ERS spinning disk confocal (PerkinElmer) using a 40×/1.3 oil immersion objective. Fluorophores were stimulated using 488 nm (phalloidin) and 561 nm (insulin), and images were recorded on a Hamamatsu 9100 EMCCD with lateral resolution of 0.2 μm/pixel. Images were acquired using Volocity software (PerkinElmer) and analyzed using ImageJ software (http://imagej.nih.gov/ij/). Four cross-section intensity measurements of F-actin were obtained and averaged for each cell. Only insulin-positive cells were analyzed.
Electron microscopy. Intact mouse islets were preincubated in 2.8 mmol/l KRB for 2 hours prior to treatment with human recombinant IL-1β (10 ng/ml) or high glucose (16.7 mmol/l), as indicated. Immediately following treatments, cells were fixed in a 2× fixative containing 4% glutaraldehyde, 0.2 mol/l sucrose, and 4 mmol/l CaCl 2 in 0.16 mol/l sodium cacodylate buffer (pH 7.4) and processed as previously described (66) . Images were acquired using a Hitachi H-7650 transmission electron microscope equipped with a 16 megapixel EMCCD XR111 camera (Advanced Microscopy Techniques) and AMT version 600 imaging software (Advance Microscopy Techniques). Images were analyzed using ImageJ software (http://imagej. nih.gov/ij/).
Immunoblotting and immunoprecipitation. INS 832/13 cells were preincubated for 2 hours in 0 mmol/l glucose KRB and subsequently treated for 30 minutes with human recombinant IL-1β (10 ng/ml). Following treatment, cells were lysed in buffer containing (in mmol/l): 20 Tris-HCl (pH 7.5), 150 NaCl, 1 EGTA, 1 EDTA, 1% Triton X-100, and protease inhibitor cocktail (Set V; Millipore). For immunoprecipitation, 500-700 μg of total cell lysates were incubated with 2 μg of normal mouse IgG (sc-2025; Santa Cruz Biotechnology Inc.) or mouse anti-syntaxin-1 (sc-73098; Santa Cruz Biotechnology Inc.) and 30 μl of 50% protein G slurry (GE Life Sciences) overnight at 4°C. Immunoprecipitates were washed 5 times with lysis buffer. These or whole cell lysates were separated using SDS-PAGE, transferred to polyvinylidene difluoride membranes (Millipore), probed with primary antibodies (anti-SNAP-25 [5308S, 1:1000; Cell Signaling Technology]; anti-syntaxin-1 [sc-73098, 1:1000; Santa Cruz Biotechnology Inc.]) and detected with appropriate peroxidase-conjugated secondary antibodies (Amersham, Baie d'Urfe, PQ). Images were acquired using a ChemiDoc MP System (Bio-Rad) and analyzed using Image Lab Software 5.2.1 (Bio-Rad).
Transgenic animals and metabolic studies. Il1r1-deficient mice (B6.129S7-Il1r1 tm1Imx /J) and their C57BL/6J controls were purchased from The Jackson Laboratory. Experiments were conducted on male littermates between 10-14 weeks of age, unless otherwise indicated. Genotypes were determined using primers (Neo-R cassette forward 5′-CTGAATGAACTGCAGGACGAGGCAG-3′; reverse 5′-GGCCACAGTCGAT-GAATCCA GAAAAGC-3′. IL-1 receptor forward 5′-ATTTCAGCATGTGTTTCCACACTCCCTCA-3′; reverse 5′-TACGCCCTCCCACTTGAACAACTTATTTGG-3′) and the REDE-N-Amp tissue PCR kit (Sigma-Aldrich) on ear notches (Supplemental Figure 1A) . Where indicated, mice were fed a HFD (60% kcal from fat, F3283; Bio-Serv) for 2, 9, or 30 days or were given an i.p. injection of either 2 mg/kg LPS (Sigma-Aldrich) or vehicle control (PBS) 6 hours prior to metabolic studies. Glucose tolerance tests were performed on animals fasted for 3 or 6 hours, as indicated in figure legends, by i.p. injection of dextrose (1 g/kg). Blood was collected at times indicated, assayed for glucose using a glucose meter (OneTouch), and stored in Microvette 100 Li Heparin (Sarstedt) tubes. Samples were centrifuged at 4°C for 10 minutes at 9,330 g, and supernatant was collected and assayed for insulin using Insulin Detection Kits (Meso Scale Discovery). Insulin tolerance tests were performed on mice fasted for 3 or 6 hours, as indicated in figure legends, by i.p. injection of 1 U/kg Humulin R (Lilly).
Statistics. Data were analyzed using FitMaster (HEKA Electronik) or GraphPad Prism (v6.0c) and were compared by unpaired Student's t test or by 1-, 2-way, or repeated-measures ANOVA followed by a post hoc t test using the Tukey or Sidak method, as indicated in figure legends. Outliers were identified and removed using Grubbs' test for outliers except for one animal that was removed from data set in Figure 5A , as its body weight differed by greater than 10% of the group mean. Associations between variables were analyzed using Pearson correlation coefficients, and lines of best fit were obtained through linear regression. Data are expressed as means ±SEM, where P < 0.05 is considered significant.
Study approval. The animal care and use committee (AUP00000405, AUP00000291) and the human research ethics board (Pro00001754) at the University of Alberta approved all studies. All families of organ donors provided informed consent for use of pancreatic tissue in research.
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